We developed a head-mounted display (HMD) with integrated computer-generated stereoscopic projection of target structures and integrated it into visit, a specific oral implant planning and navigation software. The HMD is equipped with two miniature computer monitors that project computer-generated graphics stereoscopically into the optical path. Its position is tracked by the navigation system's optical tracker and target structures are displayed in their true position over the operation site. In order to test this system's accuracy and spatial perception of the viewer, five interforaminal implants in three dry human mandibles were planned with visit and executed using the stereoscopic projection through the HMD. The deviation between planned and achieved position of the implants was measured on corresponding computed tomography (CT) scan images recorded postoperatively. The deviation between planned and achieved implant position at the jaw crest was 0.57 ∫ 0.49 mm measured from the lingual, and 0.58 ∫ 0.4 mm measured from the buccal cortex. At the tip of the implants the deviation was 0.77 ∫ 0.63 mm at the lingual and 0.79 ∫ 0.71 mm at the buccal cortex. The mean angular deviation between planned and executed implant position was 3.55 ∫ 2.07 degrees. The present in vitro experiment indicates that the concept of preoperative planning and transfer to the operative field by an HMD allows us to achieve an average precision within 1 mm (range up to 3 mm) of the implant position and within 3ae deviation for the implant inclination (range up to 10ae). Control during the drilling procedure is significantly improved by stereoscopic vision through the HMD resulting in a more accurate inclination of the implants.
Since computer-aided intraoperative navigation was introduced in several surgical specialities (Roberts et al. 1986; Reinhardt & Zweifel 1990; Wagner et al. 1995 Wagner et al. , 1996 , it was attempted to provide the surgeon with direct visualization of computerplanned graphical data over the operating field. This visualization technique is generally referred to as augmented reality (AR). The means to visualise such data included operating microscopes (Roberts et al. 1986; Shahidi et al. 1995; Edwards et al. 1999; King et al. 1999; Edwards et al. 2000) , halftransparent mirrors used as monitors (Gleason et al. 1994; Blackwell et al. 1998) , head-mounted displays (HMD) (Barnett et al. 1995; Wagner et al. 1995 Wagner et al. , 1996 Birkfellner et al. 2001a; Maurer et al. 2001) or other surgical instruments (Berger & Shin 1999) . Computer-aided surgical navigation techniques are already widely established in craniomaxillofacial surgery (Hassfeld & Muhling 2001) . Several authors have communicated their experience with computer-aided endosseous oral implant surgery (Verstreken et al. 1996; Watzinger et al. 1999; Wanschitz et al. 2002) . However, it was felt that a stereoscopic visualisation concept in an HMD would increase the accuracy of computer aided implant surgery.
HMDs are still not widely used in intraoperative surgical navigation. The main difficulties encountered when working with HMDs are focal problems (the eye cannot accommodate if the operating field and the computer graphics for AR visualization are not in the same plane) and projection transformation problems (if the surgeon moves the HMD after calibration, the transformation for displaying virtual objects in the correct position is lost).
To overcome these problems a commercially available HMD, the Varioscope AF3 (Life Optics, Vienna, Austria, http:// www.lifeoptics.com) was equipped with two miniature computer monitors to display computer generated graphics stereoscopically into the optical path of this device. This ensures a common focus for computer graphics and the real world image avoiding eye strain. To simplify the system set-up before the operation, a camera calibration algorithm, which gives a mathematical transformation for projecting three-dimensional world co-ordinates to two-dimensional display co-ordinates, was employed (Tsai 1987) . Thus no additional calibration work besides patientto-image registration has to be carried out.
The aim of this study is to assess if the transfer of a preoperative planning on the basis of computed tomography (CT) scan images by means of a head-mounted display throughout the surgery allows the accuracy of implant positioning and angulation to improve.
Material and methods
The Varioscope AR is based on the Varioscope AF3 (Life Optics), a commercially available head-mounted binocular with autofocus and zoom. The working distance of the Varioscope AR ranges from 300 to 600 mm, the general magnification ranges from 3.6 to 7.2. A beamsplitter with projection optics was added. Two miniature VGA displays (Planar Corp., Beaverton, OR, USA) were used to project computer graphics into the optical path. A position tracking probe for an optical tracking system (Flashpoint 5000, Image Guided Tech-611 | Clin. Oral Impl. Res. 13, 2002 / 610-616 nologies Inc., Boulder, CO, USA) was also attached to the HMD (Figs1 and 2) . This set-up projects the computer graphics directly into the focal plane of the Varioscope's main lens, thus a common focus for the real world image and the computer graphics is achieved.
The projection transformation, which determines the position of two-dimensional graphical objects in the optical path of the HMD in relation to the position of the patient, was calculated using the calibration algorithm given in (Tsai 1987) ; the maximum error in overlay of a graphical object over the position of a surgical instrument's tip was found to be less than 2mm (Birkfellner et al. 2001b) . Each optical channel of the Varioscope AR underwent calibration separately, so that full stereoscopic vision was ensured.
To combine surgical navigation with the HMD, visit, a specific oral implant planning and navigation software was adopted to provide the HMD with 'target data', i.e. graphical representations of structures planned or identified on CT-volume images (Birkfellner et al. 2000) . visit is currently used for placement of oral implants (Birkfellner et al. 2001b; Watzinger et al. 2001; Wanschitz et al. 2002; Wagner et al. in press) . In this application, we have found the average accuracy of visit to be 0.96∫0.72mm when using conventional Fig.1 . Varioscope AR, the implant drill and the mandible are equipped with an optical probe. This allows us to track the co-ordinates of the surgeon, the mandible (or a patient) and the implant drill, which all can freely move without affecting the position of the virtual scenery in the HMD. The point measurement probe is used to track the position of fiducial markers, which allows registration of objects with their CT-volume.
CT with a voxel resolution of approximately 0.25*0.25*1.00mm (Wanschitz et al. 2002) .
visit is based on the AVW image processing library (BIR, Mayo Clinic, Rochester, MN, USA) and custom developed routines. The computer hardware consists of an SGI O2 RS12000 workstation (SGI, Mountain View, CA, USA). A description of the technical details of visit is given in (Birkfellner et al. 2000) . visit supports both the Polaris (NDI, Ontario, CA, USA) and Flashpoint 5000 (IGT, Boulder, CO, USA) optical tracking systems. A separate computer connected over a local TCP/IP network provides the Varioscope AR with the stereoscopic scenery displayed over the operating field. In this study we wanted to assess how accurate implant positions planned on reformatted CT volume images of human dry mandibles can be transferred to the real mandibles using the technology described above. We tried to assess to what extent stereoscopic vision in the Varioscope AR supports this task. In a study using visit without an HMD it was found that the accuracy of surgical navigation (i.e. localisation of points) is close to CT-image resolution, but that various factors contribute to a loss of control during the procedure, resulting in unfavourable inclination of implants (Wanschitz et al. 2002) . 
Study design
Three dry edentulous human mandibles were equipped with three osteosynthesis screws with 1.8mm head diameter (Stryker Leibinger, Freiburg, Germany) at the symphysis and in the right and left retromolar regions to perform registration of preoperative CT volumes with the mandibles and to match pre-and post-operative images for evaluation. A reference probe for the optical tracking system was attached to the symphysis using Schanz screws (Aeskulap, Tuttlingen, Germany) (Figs1, 3a and b). The mandibles were scanned with a Philips Secura CT scanner using 0.25* 0.25*1.0mm voxel dimension. The position of five implants of 13mm length in the anterior mandible was determined using the planning window of visit, taking into account basic requirements for implant placement in the interforaminal region. After preparation of the cylindrical holes with a 2-mm drill, gutta percha points of diameter ISO140 with shortened tips, to perfectly match the holes, were in-612 | Clin. Oral Impl. Res. 13, 2002 / 610-616 serted and fixed with glue, providing excellent contrast in the postoperative CT scans.
In order to minimize the latency in the display of the computer-generated graphics and to increase the frame rate, the navigation system and the control system for the HMD were separated. The control computer for the HMD is a commercial personal computer with an Intel Pentium III 933MHz processor. The displays of the Varioscope AR are driven by an ASUS 7100 GeForce 2 dual head graphics board. The control software was developed using gcc 2.71 (Free Software Foundation, Boston, MA, USA) under SuSE Linux 7.1 (SuSE GmbH, Nuernberg, Germany).
The scenery displayed in the HMD is generated from the planning data of the navigation system. After real world-to-CT registration, the planning data are matched with the real-world co-ordinate system ( Fig.3a and b) . The scenery, which also takes stereoscopic effects into account, as the image is rendered separately for the left and right eye, is generated using the OpenGL-compatible, freely available Mesa 3.0 library (http://www.mesa3D.org). Furthermore, we have implemented an additional visual hint if the surgical tool approaches one of the structures defined in preoperative planning: once the distance of the tool tip is below a given threshold, the structure displayed in the HMD turns from solid to wire frame. In this study, the threshold chosen was 3mm to support the surgeons initial orientation in the augmented reality environment.
Assessment
The determine the accuracy of computeraided implant insertion, the position of the planned and the actual implants was measured on corresponding CT slices. To achieve this, both preoperative and postoperative CT volumes were transformed to isotropic voxel size and their co-ordinate systems aligned using the preoperatively inserted miniature osteosynthesis screws with a common point-to-point registration algorithm (a least square algorithm described by Horn 1987) . This allows reformatting of 2-D CT slices with the same spatial orientation in both CT volumes.
The distance of the axis of planned and inserted implants to the buccal and lingual cortex was measured at the alveolar crest and at the tip of the implants. The values for the planned implants were subtracted from the values for the inserted implants, showing the deviation in anterio-posterior direction. To assess lateral deviation, the distance of the implant-axis to the fiducial marker placed in the mental region was measured. To evaluate control during preparation of the implant socket, the angular deviation of inserted implants to the preoperative plan was calculated. The matching of pre-and post-operative CTvolumes and the measurement of implant positions was performed on a SGI O2 RS12000 workstation (SGI) with Analyze AVW (BIR).
Results
The average deviation of all 15 implants to the preoperatively planned position coronally at the alveolar crest was 0.57∫0.49mm (range: 0-1.8mm) measured from the lingual cortex and 0.58∫0.4mm (range: 0-1.4mm) measured from the buccal cortex. The average deviation at the apex of the 13mm long implants was 0.77 ∫0.63 mm (range: 0-2.9mm) at the lingual and 0.79∫0.71mm (range: 0.1-3.1mm) at the buccal cortex. There was one implant (region 44 in the first mandible) which grossly deviated from the preoperative plan at the apex due to rarefied trabecular bone in that region which fractured during the drilling procedure, making it impossible to insert and fix the gutta percha point in the proper position (2.9mm at the lingual and 3.1mm at the buccal cortex). The other 14 implants (93.3%) deviated at the apex 0.62∫0.29mm (range: 0-1.0mm) measured at the lingual cortex and 0.62∫0.37mm (range: 0-1.6mm) measured at the buccal cortex. Taking into account all 15 implants, average lateral deviation (measured only in one plane) was 1.07∫0.63mm (range: 0-2.5mm). All measurements are given in Table 1 .
The mean angular deviation between planned and executed implant position was 3.55∫2.07 degrees (range 0.9-10.4 degrees). Again, the implant in region 44 of the first mandible deviated grossly (10.4 degrees). The other 14 implants (93.3%) had a mean angular deviation of 3.06∫1.01 degrees (range 0.9-4.56 degrees).
If the mandibles are analysed separately (taking all measurements into account) mandible 1 shows an average deviation of 1.01∫0.8mm (range 0-3.1mm), mandible 2 of 0.78∫0.49mm (range 0-1.8mm) and mandible 3 of 0.47∫0.31mm (range 0-1.1mm). This demonstrates the necessity of getting acquainted with this visualisation concept, but also shows its potential accuracy when used by an experienced surgeon.
Discussion
This paper evaluates whether new visualisation technology, developed at the Department of Biomedical Engineering and Physics at the Vienna General Hospital, is capable of improving the accuracy of computer-aided intraoperative navigation. Several publications dealing with endosseous oral implants have demonstrated the value of surgical navigation in this field (Watzinger et al. , 2001 Wanschitz et al. 2002; Wagner et al. in press ). The main drawback was insufficient control during implant socket preparation due to the necessity of keeping an eye on two locations (the operating site and the computer display) and the low refresh rate of two frames/s delivered by the hardware. The low refresh rate resulted from the high resolution of CT images used, which guaranteed high accuracy of navigation on one hand, but led to difficulties of maintaining direction on the other.
The new visualisation concept realized with the head mounted display Varioscope AR was developed with these problems in mind. The projection of computer-gener- ated target structures into the optical path of an optical instrument, widely used in various surgical specialities, solves the problem encountered previously. This allows the surgeon to concentrate on the operating site exclusively and still benefit from surgical navigation without looking at a computer display positioned outside the operating field. As the computer graphics are displayed in the focal plane of the Varioscope, the focal problem does not exist. The optical position measurement probe, the computer display, and the optics are mounted in the same device, the projection transformation remains stable once it is found. Repeated calibration in the operating room is therefore not necessary. An increased frame refresh rate was achieved by separating the navigation system and the control system of the head mounted display (Birkfellner et al. 2001a) .
In this study only the implants for each mandible and the axis of the drill were projected into the optical path of the HMD in order to create a simple AR environment. Orientation in this environment did not constitute a major problem for the surgeon dealing with this system for the first time, although an improvement in precision can be observed from mandible to mandible. As we had expected, the accuracy of localizing points previously determined on preoperative imaging was not improved compared with studies where visit was used without a head-mounted display (Watzinger et al. 2001; Wanschitz et al. 2002; Wagner et al. in press) . The values at the alveolar crest of 0.57∫0.49mm (range: 0-1.8mm) measured from the lingual cortex and 0.58∫0.4mm (range: 0-1.4mm) measured from the buccal cortex correspond well with values reported in (Wanschitz et al. 2002) (0.49∫0.38mm at the lingual, 0.55∫0.31 at the buccal cortex). However, a substantial improvement was achieved in terms of controlling the implant drill during the procedure. Except one implant which could not be inserted in the correct position due to a rarefied and brittle trabecular bone which fractured during the drilling procedure, the values found at the apex of the 13mm long implants were as accurate as those at the alveolar crest (0.62∫0.29mm at the lingual, 0.62∫0.37mm at the buccal cortex). This results in a small angular deviation of 3.06∫1.01 degrees (range 0.9-4.56 degrees). The problem with the spongious part of dry mandibles was also encountered in previous experiments (Wanschitz et al. 2002) , but does not occur in vivo. But even with these shortcomings this model allows simulation surgery that is close to reality .
There are just a few papers published on accuracy of implant placement regardless of the methods used. Naitoh et al. (2000) used a specific surgical template based on CT images and the abutment replica on the working models to evaluate accuracy of implant placement. They reported an angular deviation of 5.0 degrees, ranging from 0.5 to 14.5 degrees. Another study dealing with accuracy of implant placement was conducted by Wagner et al. (in press ) who used visit without a headmounted display in five patients after ablative tumor surgery. They evaluated a total of 32 implants with a mean deviation of 1.1mm (range 0-3.5mm) and a mean angular deviation of 6.4 degrees (range 0.4-17.4 degrees). Comparing the results presented above with the results achieved in this study we conclude that computer-aided positioning of endosseous oral implants with an HMD and a computer generated augmented reality environment exceeds presently available methods in accuracy.
Conclusions
The present in vitro experiment indicates that the concept of preoperative planning and transfer to the operative field by a head-mounted display with stereoscopic vision through two independent optical channels allows achievement of an average precision within 1mm (range up to 3mm) of the implant position and within 3ae deviation for the implant inclination (range up to 10ae). Control during the drilling procedure is significantly improved by stereoscopic vision through the HMD which allows full concentration on the operating field during the procedure, resulting in a more accurate inclination of the implants.
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Resumen
Objetivos: Hemos desarrollado un visor montado en la cabeza (HDM) con una proyecció n estereoscó pica integrada generada por computador de estructuras diana e integrado en VISIT, un software específico de planificació n y navegació n para implantes orales. Material y Métodos: El HMD esta equipado con dos monitores de computador en miniatura que proyectan gráficos generados por ordenador estereoscopicamente en la vía ó ptica. Su posició n es seguida por el sistema de seguimiento ó ptico de navegació n y las estructuras diana se muestran en su posició n real sobre el lugar de operació n. En orden a probar la precisió n del sistema y la percepció n espacial del observador, se planificaron 5 implantes interforaminales en 3 mandíbulas humanas desecadas con VISIT y se ejecutaron usando la proyecció n estereoscó pica a través de HMD. Se midieron las desviaciones entre las posiciones planeadas y logradas en la correspondientes imágenes de escáner-CT tomadas postoperatoriamente. Resultados: La desviació n entre la posició n planeada y lograda del implante en la cresta ó sea fue de 0.57∫0.49 mm medida por lingual, y 0.58∫0.4 mm medida desde el cortex vestibular. En la punta de los implantes la desviació n fue de 0.77∫0.63 mm por lingual y de 0.79∫0.71 por el cortex vestibular. La desviació n angular media entre la posició n del implante planeada y la ejecutada fue de 3.55∫2.07 grados.
Conclusiones: El presente experimento en vitro indica que el conce3pto de planificació n preoperatoria y transferencia del campo operatorio a través de un visor montado sobre la cabeza permite lograr una precisió n media de la posició n del implante dentro de 1 mm (rango hasta 3 mm) y dentro de 3ae de desviació n para la inclinació n del implante (rango hasta 10ae). El control durante el procedimiento de perforació n se mejora significativamente por la visió n estereoscó pica a través de HDM resultando en una inclinació n mas precisa de los implantes.
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